and spontaneously hypertensive rats (SHR) were evaluated to determine whether increased medial thickness is evident during early development. Microscopic cross-sections from perfuskm-fixed aortas and carotid arteries of fetal (22-day gestation) and neonatal (5 -day-old) animals were examined for numbers of laminae, luminal diameter and area, and medial thirltiH^ and area. SHR had a smaller mean body weight, and luminal diameters were the same in both strains. However, medial thickness and the numbers of laminae were significantly greater in SHR at both stages. Normalized ratios of medial thickness/luminal diameter and medial area/luminal area were also greater in SHR, indicating a disproportionate size of the arterial wall relative to the luminal space. Medial area/body weight ratios were also larger for SHR, suggesting the presence of greater medial mass per unit of body weight The data support the view that the increased mass of the hypertensive arterial system is established in SHR as early as the fetal stage.
T HE concept of a prehypertensive period in the early stages of development in spontaneously hypertensive rats (SHR) has gradually changed over the last few years as more investigators have begun to closely examine fetal and neonatal animals of the SHR nonnotensive WistarKyoto (WKY) strains. They have found important differences in structural and functional parameters, which had previously only been associated with the adult hypertensive state. Okamoto and Aoki 1 originally designated the prehypertensive period as the time before systolic blood pressure reaches 150 mm Hg, which occurs at about 40 to 50 days of age, but subsequent researchers reinterpreted that to mean that the SHR is essentially nonnotensive and indistinguishable from the WKY up to the age of 6 to 7 weeks. A recent review, 2 however, cites a number of reports from laboratories that have demonstrated the existence of hypertensive characteristics in SHR before the end of the weanling period (3 weeks of age), such as a significantly higher blood pressure than that of WKY, increased sympathetic nervous system activity, and hypertrophied left ventricle and arterial vessels. Thus, in the view of some investigators, prehypertensive does not refer to a period lacking in hypertensive features, but rather to one in which they are rapidly developing. Some laboratories, however, have failed to detect any early hypertensive changes in cardiovascular structure or function*- 5 ; this may suggest that the specific techniques that are used determine to some extent whether early differences are found by the various research groups. It is also possible that the colonies now used by various investigators constitute substrains of SHR, some of which do not evidence any early hypertensive changes.
Lee and Smeda, 6 who have not measured neonatal pressures, have found early structural changes in the mesenteric vascular bed that they have attributed to the influence of primary, pressure-independent, genetically determined factors. Other investigators, however, have detected pressure differences between SHR and WKY as early as Day V- 8 ; thus, Lee and Smeda may have been premature in their conclusion that those hypertrophic changes are not secondary adaptations to an increased pressure in the neonate. It is also possible that secondary structural adapta-514 HYPERTENSION VOL 12, No 5, NOVEMBER 1988 tions become superimposed upon primary (genetic) ones early in development. Hamet et al. 9 have suggested a combination of several criteria to determine whether a hypertensive characteristic such as ventricular hypertrophy is primary or secondary in genetic hypertension: its occurrence in several different strains of hypertensive animals, the evolution of the characteristic with age in humans and animals, and the detection of the characteristic in newborns and in cultured cells. By using these criteria, it may eventually be possible to prove unequivocally that hypertrophy or hyperplasia of the arterial system is a primary factor in genetic hypertension, particularly if very early changes in the vessels are documented in different laboratories.
The present study was performed to assess differences between SHR and WKY in vascular wall structure during fetal and neonatal stages of development. The aorta and carotid artery were selected in this initial assessment of early alterations of the hypertensive arterial system because laminae, luminal diameter and area, and medial thickness and area could be more easily evaluated in these vessels than in resistance-sized vessels in such small animals; however, changes in small vessels will be analyzed in a future study.
Materials and Methods

Tissue Preparation
For both SHR and WKY, two 5-day-old pups from five litters, anesthetized with sodium pentobarbital (1.5 mg/100 g body weight), and two 22-day-old fetuses from each of five pregnant dams, anesthetized with sodium pentobarbital (3 mg/100 g), were used in the study (10 pups and 10 fetuses/strain). The animals were bred in our colony, and fetal age was calculated as follows: Day 1 of gestation was the day after mating if the vaginal smear contained sperm. Each 5-day-old neonate was perfused at 30 mm Hg pressure, comparable to in vivo pressures, 2 and each fetus was perfused at 25 to 27 mm Hg, through the abdominal aorta for 1.5 hours with PAPG (picric acid-paraformaldehyde-glutaraldehyde) fixative 10 through a PE-10 cannula (tip pulled out to fit the vessel) connected to a constant-flow infusion pump; the pressure was monitored by a T connection to a Statham P23Db transducer connected to a Grass polygraph (Quincy, MA, USA). This procedure produced vessels that were well distended at fixation. The proximal 2 mm of each carotid artery and the distal 3 mm of the thoracic aorta were removed, rinsed in Sorenson's phosphate buffer for 10 minutes, and postfixed with 1% osmium tetroxide in barbital (Veronal) acetate buffer for 1.5 hours, processed through increasing concentrations of ethyl alcohol and then propylene oxide. The specimens were infiltrated overnight in a 50:50 mixture of propylene oxide/Araldite 502 (plastic), then embedded in Araldite 502. After a 24-hour polymerization at 60 °C, the tissues were sectioned transversely in slices 1 fim thick, mounted on glass slides, and lightly stained with 1% toluidine blue in 1% calcium borate.
Data Analysis
Cross-sections of the vessels were photographed through the microscope at 50 x (carotid arteries) and 25 x (aortas). Four sectors of each vessel were photographed at 250x negative magnification. All negatives were printed at 8.5 x enlargement on 8 x 10-in. Kodak polychrome paper (Rochester, NY, USA). The number of elastic laminae was counted at three loci per sector using the following criteria: 1) number of complete laminae; 2) number of granular-appearing, incomplete laminae; 3) total number of laminae (sum of Nos. 1 and 2). For each vessel type, the mean of the 12 values per criterion was determined and group means ± SE were determined for the 10 animals. Lamellar unit thickness was determined by dividing medial thickness by the number of laminae; the values were averaged for each vessel type.
The luminal area, defined here as the total area circumscribed by the internal elastic membrane, and the medial area, defined here as the area between the internal and external (outermost) elastic laminae, were measured using a Leitz Dialux microscope (Rockleigh, NJ, USA) with a camera lucida attachment that projected the image onto the magnetic pad of a Zeiss Videoplan image analyzer (Thornwood, NY, USA) to calculate the parameters described below. The carotids were measured at 290x and the aortas at 145x magnification. For each vessel the following parameters were measured in triplicate to derive a mean value: luminal circumference and diameter, outer medial circumference and diameter, medial thickness, and medial area. These normalized ratios were calculated: medial area/luminal area, medial thickness/luminal diameter, medial area/body weight. Group means ± SE were calculated for each parameter, and t tests were performed on the group means for each category of data to determine significant differences at the 95% confidence level.
Results
The data obtained in this study indicate that significant structural differences, which have usually been associated with hypertension in older animals, can be detected in perfusion-fixed elastic arteries of prenatal (22-day gestation) and postnatal (5-day-old) WKY and SHR. The following prepregnant mean (±SE) systolic blood pressures of the dams (n = 5/group) were obtained by a Narco Bio-Systems tail-cuff sphygmomanometer (Houston, TX, USA): in those dams from which fetuses were taken, 105 ± 5 mm Hg in WKY and 162 ± 2 mm Hg in SHR; in those dams from which neonates were taken, 111 ± 2 mm Hg in WKY and 162 ± 3 mm Hg in SHR. These data show that the SHR dams selected were definitely hypertensive. The mean body weights of the prenatal and postnatal animals used (n = 10/group) were as follows: fetuses, 6.00 ± 0.01 g in WKY and 4.60 ± 0.07 g in SHR; neonates, 10.94 ± 0.25 g in WKY and 8.75 ± 0.21 g in SHR.
The SHR body weights were significantly lower than those of WKY in both groups (p =s 0.05).
Aorta
Fetuses
Even though SHR had a lower mean body weight, aortic luminal diameters were similar in the two strains (Table 1) ; medial layers, however, were significantly thicker than those in WKY. The 34% greater medial thickness was partially the result of greater lamination: There were greater numbers of both complete and incomplete elastin rings in the walls separating the layers of smooth muscle cells (Table 2 ). Complete laminae appeared as dark, continuous lines on vessel cross-sections; incomplete ones appeared granular or discontinuous, with small spaces in the lines of elastin. The ratios of medial thickness/luminal diameter, medial area/ luminal area, and medial area/body weight were significantly higher in SHR (Table 3) .
Neonates
Body weights of SHR were still slightly lower than those of WKY, and there was no significant duTerence between SHR and WKY in mean luminal diameter, even though it decreased in size in both strains during 5 days of postnatal growth. The thickness of the aortic media increased in both SHR and WKY (Figure 1 ) during this period, resulting in a 23% greater absolute thickness in SHR. The number of incomplete elastic laminae was similar in the two strains, but there was an average of 2.1 more laminae in the complete category in SHR than in WKY, making the total number of laminae higher in SHR. The ratios of medial thickness/luminal diameter, wall area/luminal area, and medial area/ body weight were also significantly higher in 5-dayold SHR pups (see Table 3 ).
detected in both fetuses and neonates may be associated with an increase in the number of layers, as well as an increase in their thickness.
Carotid Arteries
Fetuses
Just as in the aorta, the luminal diameters of SHR and WKY carotids were not significantly different, but medial thickness was 27% greater in the left and 31% greater in the right carotid of SHR (Figure 2 ; see Table 1 ). Normalization of medial thickness and area indicated that SHR vessels were disproportionately thicker than those of WKY (see Table 3 ) in relation to the luminal space. The numbers of complete laminae were not different, but the numbers of incomplete laminae in SHR were greater; thus, the totals were greater in both vessels in that strain (see Table 2 ).
Neonates
Carotid diameters were, as in aorta, not different in the two strains, although diameters in both were larger than they were before birth. Medial wall thicknesses were greater in SHR in both left and right vessels on an absolute basis as well as when medial area and thickness were normalized. All three normalized ratios were significantly greater in SHR. Just as in the fetuses, there were no differences between SHR and WKY in the number of complete laminae; after birth, however, the number of granular-appearing laminae was greater in SHR, so that there were more layers of smooth muscle cells in the wall.
Although data on lamellar unit thickness are calculated averages and all layers may not actually be the same width, it can be seen that the trend was for greater lamellar thickness in SHR than in WKY and that the trend was more apparent in the carotids than in the aorta. Thus, in genetic hypertension, the early increase in medial thickness that we have Discussion Arterial wall hypertrophy has been known to be associated with human hypertension for many years, as well as with genetic and experimental hypertension in animals. 11 Many investigators have focused on hypertrophy of the arteriolar vessels, 12 -15 since those vessels are directly involved in the increased vascular resistance that helps to generate and maintain the high pressure. However, increased vascular wall thickness, and particularly increased medial thickness, extends throughout the whole arterial system, and although it probably does not affect the flow resistance in the large vessels (internal diameter may not be decreased), it can accentuate the effect of a pressure rise because it tends to make the large vessels less distensible. In the fetal and neonatal vascular system, increased medial thickness can be assessed more easily in large vessels than in small resistance ones; thus, we have started our analysis of early vascular development in SHR with an evaluation of the elastic arteries. Previous studies from this laboratory indicated that there is increased blood pressure 8 and increased medial thickness in the carotid artery 16 in 1-day-old SHR, that aortic weight/body weight ratios in fetal and neonatal SHR are significantly increased over those of comparably aged WKY, 17 and that the increased aortic weight is associated with an increased elastin content. 17 In the present study, one object was to fix the vessels in vivo at known pressures. Aortas and carotids were perfusion-fixed with PAPG to reduce the well-known problems that have been associated with attempts to perform dimensional analysis on blood vessels that have been fixed ex vivo, that is, collapsed vessels with severely contracted walls and irregularly shaped lumina and internal elastic membrane make quantitation of wall thickness and diameter difficult and the results questionable. Perfusion pressures were used that were appropriate for the particular ages selected 2 ; this allowed comparison of WKY and SHR dimensions (diameter, medial thickness, and cross-sectional area) at the same distending pressures, as suggested by Folkow 18 in his evaluation of wall/lumen ratios. The internal elastic membrane had a circular profile in all of the vessels analyzed and luminal diameters of these large conduit vessels, that is, aorta and carotid were not significantly different in WKY and SHR. This is essentially what was found in carotid arteries of 1-day-old animals in the preliminary study, 16 where they were fixed under prevailing blood pressure.
Differences between left and right carotid were not significant in either strain, although one might have expected structural differences resulting from the generation of branching: the left carotid artery arises from the aorta as a first-order branch, whereas the right carotid arises as a second-order vessel from the brachiocephalic artery rather than the aorta. Both vessels in SHR fetuses and neonates evidenced an increase in medial thickness over that in WKY fetuses and neonates, confirming the medial thickness increases that had previously been reported in left carotid arteries of 1-day-old SHR by Gray. 16 Lee and Smeda, 6 however, found no increased wall thickness of the superior mesenteric artery, also a first-order aortic branch, until SHR were adults. The increase in medial thickness in the aortas of SHR in the present study is consistent with that detected in 21-to 28-day-old SHR by Olivetti et al. 4 Other studies, however, have detected no differences between WKY and SHR aortas until 10 weeks of age 3 -"• 2° or until 3 to 5 months of age. 3 The differences in these two groups of findings may reflect differences in SHR substrains used by various laboratories.
Since vascular walls are made up of cellular and connective tissue elements, the assessment of medial thickness involves not only overall width, but also the change in structural components, collagen, and elastin. Elastic laminae separate the smooth muscle cells into layers, and some of the outer laminae had the appearance of granular (discontinuous) rings instead of continuous bands. Since an elastic lamina is actually a perforated sheet seen in cross-section, this granular appearance may mean that there are many more perforations of the membrane during early development. Since the outer rings had this appearance, they may have been the least developed. In the aorta, SHR had a greater number of both continuous and discontinuous laminae in the fetal stage, as well as a greater number of continuous ones in the neonatal stage. In the carotids, there were similar numbers of continuous laminae in WKY and SHR, both in the fetus and in the neonate, and although the change in the number of discontinuous ones in the postpartum period was different in the two strains, the total number of layers was always greater in the SHR carotids.
In addition to the elastic membranes that define the number of layers in the vascular media, cellular and extracellular material, as well as tissue fluid contained within each layer, could add to the overall increased width of the arterial walls in SHR. Owens and Schwartz 5 investigated cell sizes in aortic walls of older WKY and SHR and determined that the increased wall thickness is true hypertrophy rather than hyperplasia (i.e., increased smooth muscle cell size, not number). They suggested that the high incidence of polyploid cells, which are larger than normal diploid cells, can fully account for the increased wall thickness in adult SHR. On the other hand, Mulvany et al. 21 suggested that hyperplasia is the main feature of the increased wall thickness in mesenteric resistance vessels in SHR. Bucher et al. 22 reported that a higher rate of cell division and hypertrophy characterize the aortic media in SHR from 3 to 7 weeks of age. From the present data on very young animals, it is not possible to say whether hyperplasia or hypertrophy accounts for the results, only that there are more elastic laminae and that each lamellar unit is slightly thicker in SHR at both stages of development. Normalization of the absolute values for medial thickness and area by comparing them with luminal diameter and area indicates that the medial thickness is relatively greater in SHR. Comparison of wall area with body weight was one way of determining whether the data show the same pattern of increase with growth as did the aortic weight/body weight ratios obtained by Iredale. 17 These data show directional changes similar to those found by Iredale in fetuses (17-22 days of gestation) and neonates (1-21 days of age).
In summary, the data indicate that even though luminal diameters of the large arteries are similar in SHR and WKY during prenatal and postnatal development, medial thickness is significantly increased in SHR. This increased medial thickness can be partially attributed to increased numbers of laminae in both aorta and carotid artery, but the thickness of each lamellar unit may also be increased.
